Emergence of artemisinin resistance in Cambodia highlights the importance of characterizing resistance to this class of drugs. Previously, intermediate levels of resistance in Plasmodium falciparum were generated in vitro for artelinic acid (AL) and artemisinin (QHS). Here we expanded on earlier selection efforts to produce levels of clinically relevant concentrations, and the resulting lines were characterized genotypically and phenotypically. Recrudescence assays determined the ability of resistant and parent lines to recover following exposure to clinically relevant levels of drugs. Interestingly, the parent clone (D6) tolerated up to 1,500 ng/ml QHS, but the resistant parasite, D6.QHS340؋3, recovered following exposure to 2,400 ng/ml QHS. Resistant D6, W2, and TM91c235 parasites all exhibited elevated 50% inhibitory concentrations (IC 50 s) to multiple artemisinin drugs, with >3-fold resistance to QHS and AL; however, the degree of resistance obtained with standard methods was remarkably less than expected for parasite lines that recovered from 2,400-ng/ml drug pressure. A novel assay format with radiolabeled hypoxanthine demonstrated a greater degree of resistance in vitro than the standard SYBR green method. Analysis of merozoite number in resistant parasites found D6 and TM91c235 resistant progeny had significantly fewer merozoites than parent strains, whereas W2 resistant progeny had significantly more. Amplification of pfmdr1 increased proportionately to the increased drug levels tolerated by W2 and TM91c235, but not in resistant D6. In summary, we define the artemisinin resistance phenotype as a decrease in susceptibility to artemisinins along with the ability to recover from drug-induced dormancy following supraclinical concentrations of the drug.
M alaria is the most important parasitic disease of humans, causing considerable mortality and morbidity on four continents. The most recent World Malaria Report (58) reported data for 2009, when there were an estimated 225 million cases of malaria and 781,000 deaths, of which 91% occurred in Africa. During the past 5 decades, Plasmodium falciparum, the most lethal malaria parasite infecting humans, has developed resistance to almost every available antimalarial drug. The emergence and spread of resistance has underscored the urgent need for new effective drugs and drug combinations.
Artemisinin (QHS) drugs have been used for the treatment of malaria for centuries, and they are effective against all stages of Plasmodium spp. Artemisinin, the active component of Artemesia annua, is a sesquiterpene trioxane lactone that contains an endoperoxide ring that is critical for antimalarial activity (21) . Artemisinin drugs produce faster parasite and fever clearance times in vivo than any other antimalarial drug, and they reduce gametocyte carriage (52) , thereby effectively reducing transmission of malaria. The World Health Organization (WHO) has recommended the use of artemisinin combination therapy (ACT) to treat uncomplicated P. falciparum malaria on a worldwide basis (57) . Artemisinin drugs also have relatively short half-lives in the body, a property that may be related to the frequent recrudescence observed in patients after treatment with a single artemisinin drug (53) . Recrudescent parasites remain susceptible to artemisinin in vitro (32) , suggesting that the high frequency of treatment failure is not due to conventional resistance mechanisms. Recent studies have reported emerging artemisinin resistance in Southeast Asia (3, 19, 38) . Resistance has been characterized by reduced susceptibility to both artemisinins and ACTs and by prolonged parasite clearance times (PCT). Although these studies acknowledged the potential of artemisinin resistance, they also noted that it is not a widespread phenomenon. Current understanding of the mechanism of action of artemisinin drugs is unclear, although many mechanisms have been postulated. It has been proposed that artemisinins exert their effect via the generation of reactive oxygen species, becoming activated by free ferrous or heme iron (reviewed in reference 29), disrupting mitochondrial function (51) , or by inhibiting a calciumdependent ATPase (PfATP6) that is similar to mammalian sarco/ endoplasmic reticulum Ca 2ϩ ATPases (20) .
Similarly, a consensus for the mechanism of artemisinin resistance has not emerged. Currently, there are genes that have tentative associations with the site of action or reduced susceptibility to artemisinins (or cross-resistance with other antimalarials). These include pfatp6 (27, 48) , P. falciparum multidrug resistance transporter 1 (pfmdr1) (2, 11, 12, 42, 54) , P. falciparum transitionally controlled tumor protein (pftctp) (10) , Plasmodium chabaudi multidrug transporter 1 (pcmdr1) (45) , and P. chabaudi ubiquitin carboxyl-terminal hydrolase (pcubp1) (24) . However, the association between artemisinin resistance and pfatp6 is questionable, as others did not find mutations or an association with susceptibility change (12, 19, 25, 38, 50) . Also, the link between pfmdr1 (or its homolog in murine malaria) and artemisinin resistance is unclear, as resistance cannot be explained by point mutations or gene amplification (1, 12, 19, 25, 38) .
Previous in vitro studies have provided compelling evidence that some antimalarial drugs are not completely parasiticidal but may cause parasites to enter a dormant state before they recrudesce in culture (36) . It has been suggested that recrudescence after artemisinin treatment is attributable to parasites surviving in a hidden, protected state (23) . Our group has found that ringstage parasites enter a dormant state after treatment with artemisinin drugs (16, 46) , and these parasites are capable of resuming growth after drug pressure is removed. Based on these data, we believe that dormant ring-stage parasites may be the forms that survive treatment with artemisinin drugs and recover to initiate a recrudescent infection. Witkowski et al. (55) reported that parasites enter a quiescent state after exposure to high levels of artemisinin, and those authors suggested that the ability to enter the quiescent state was a hallmark of resistance. It is unlikely that this mechanism of dormancy and reemergence is responsible for extended PCT in patients.
In order to study mechanisms of resistance, investigators have attempted to establish artemisinin resistance models, including models for P. falciparum and Toxoplasma gondii in vitro and rodent malaria in vivo (1, 9, 13, 24, 26, 45) . Although these significant studies proved that artemisinin resistance can be induced in different models, some studies noted problems with resistance stability and/or loss of resistance.
Previous studies from our group found that multiple rounds of parasite exposure to artemisinin drugs, followed by dormancy and recrudescence, select for parasites with reduced susceptibility to this class of antimalarial drugs. This included selection of P. falciparum resistance to AL and QHS in vitro, detection of reduction in susceptibility to artemisinin and other drugs, and molecular changes occurring during the selection (12; L. Gerena and D. E. Kyle, unpublished data). In the present study, higher levels of QHS and AL resistance in P. falciparum strains were induced in order to further dissect artemisinin-induced dormancy and artemisinin resistance. Resistant parasites were characterized by a variety of methods, including quantitative recrudescence assays, two types of antimalarial drug susceptibility testing, and analysis of growth/merozoite development. Furthermore, we expanded on previous molecular methods by focusing on genes with putative links to artemisinin resistance in a variety of resistant strains. Through these methods of characterization, we defined an artemisinin-resistant phenotype that will be useful for future resistance studies.
MATERIALS AND METHODS
Plasmodium falciparum parasites and in vitro culture. Parental lines and respective progeny resistant to QHS (W2 [Indochina], D6 [Sierra Leone]) or AL (TM91c235 [Thailand]) were maintained in culture by using previously described methods (47) . Cultures were maintained at 1 to 15% parasitemia in complete medium supplemented with 10% heatinactivated Aϩ human plasma (Interstate Blood Bank, Memphis, TN) and 4% Aϩ human red blood cells (RBCs; Interstate Blood Bank), except where noted, below. For the recrudescence, drug susceptibility, and growth assays described below, cultures were synchronized to ring stage by using 5% (wt/vol) D-sorbitol (Sigma-Aldrich, St. Louis, MO) (30) .
Development of resistant parasite lines in vitro.
Induction of resistance to QHS and AL in D6, W2, and TM91c235 lines was previously reported (12) . Briefly, discontinuous exposure to AL produced W2, D6, and TM91c235 parasites resistant to 80 ng/ml AL (W2.AL80, D6.AL80, and TM91c235.AL80). W2.AL80 was subsequently cloned by limiting dilution, and one clone was subjected to increasing pressure with QHS up to a concentration of 200 ng/ml (W2.QHS200). D6.AL80 was subjected to QHS treatment up to 80 ng/ml (D6.QHS80) (Gerena and Kyle, unpublished).
In this work, the above method was modified to produce parasites resistant to higher levels of QHS and AL. Asynchronous cultures grown at 1.4 to 3.9% parasitemia were exposed to drug as follows. D6.QHS80 was first exposed to 80 ng/ml QHS. TM91c235.AL80 did not tolerate 80 ng/ml of AL after thawing from cryopreservation, so 40 ng/ml AL was applied to start. At 48 h post-drug exposure, cultures were washed with RPMI medium to remove drug. After parasites recrudesced to normal growth and morphology (Ն1% parasitemia), they were treated 1 to 3 times at the current drug level. Parasites were then treated with an increasing amount of drug (20-or 40-ng/ml increments), and the process was repeated. During induction of resistance in D6, D6.QHS300ϫ2 was treated with 200 ng/ml QHS prior to a cloning attempt. Induction of resistance was later continued at the 300-ng/ml level. W2.QHS200 was treated with 200 ng/ml QHS once as described above (W2.QHS200ϫ1) to verify resistance. After this culture reached Ͼ3% parasitemia, it was cloned by limiting dilution. These clones were then exposed to 200 ng/ml QHS again. One of these clones was picked for further analyses and is referred to as W2.QHS200ϫ2. A clone of TM91c235 was used as the parental strain in all experiments that involved comparisons with TM91c235 parasites resistant to AL.
Quantitative recrudescence assays. (i) W2 assay. Dihydroartemisinin (DHA; final concentration of 200 ng/ml) or dimethyl sulfoxide (DMSO) was added to flasks containing 2% parasitized RBCs. At 6 h post-drug exposure, cultures were washed with RPMI to remove DHA or DMSO. Blood smears were made before drug treatment and approximately every 24 h after drug exposure. Cultures were monitored until parasitemia with morphologically normal parasites exceeded 2.5% (165.5 h post-drug exposure). At each time point, parasitemia was determined as the total number of parasites/total RBCs counted (over 650) from a thin smear. Parasites were classified as dead, dormant, ring, trophozoite, or schizont. Recovery was expressed as the ratio of morphologically normal parasites/total parasites, and the ratio of dormant/total parasites was also calculated. Photomicrographs of W2 and W2.QHS200ϫ2 were taken predrug exposure and every 24 h post-drug exposure.
(ii) D6 assay. QHS (final concentrations of 80 to 340 ng/ml) was added to microtiter plates containing 2% parasitized RBCs. At 48 h post-drug exposure, QHS was washed out. Thick and thin smears were made before drug treatment and every 24 h post-drug exposure. Parasites were followed to a point beyond when normal growth and morphology had returned (over 300 h post-drug exposure). Recovery was monitored by inspecting thick smears. Because dormant and dead parasites could not be separated, they were scored together on each smear. Approximately 700 to 900 total parasites were counted and classified as dead/dormant, ring, trophozoite, or schizont. Recovery was calculated as described above.
(iii) Adapting D6 parasites beyond clinically relevant concentrations. QHS (final concentration of 80 to 2,400 ng/ml) was added to microtiter plates containing 2% parasitized RBCs. This experiment was conducted as described above. The most resistant parasite that survived (D6.QHS2400ϫ1) was treated three more times with 2,400 ng/ml QHS after this experiment to verify resistance, and then D6.QHS2400ϫ4 was cloned by limiting dilution. One of these clones was treated with 2,400 ng/ml QHS once more, and it is referred to as D6.QHS2400ϫ5 in this work.
Parasite growth assay and merozoite enumeration for parent and resistant lines. Cultures containing 0.1% parasitized RBCs were monitored for 97 h (W2), 105.5 h (D6), and 144 h (TM91c235). Thin smears were made twice a day, and both parasitemia and the percentages of parasites at the different stages were calculated. Merozoites were counted in each of 60 segmenting schizonts for each strain over the complete time course. Photomicrographs of segmenting schizonts were taken at various time points. The mean, median, mode, standard deviation, and 95% confidence interval (CI) of merozoites were calculated, and a Mann-Whitney rank sum test (SigmaPlot; Systat Software, Chicago, IL) was used for testing statistical significance (␣ ϭ 0.05).
In vitro drug susceptibility testing. (i) SYBR green drug susceptibility assay. Stock solutions of DHA, QHS, artesunate (AS), artemether (AM), AL, chloroquine (CQ), mefloquine (MQ), and atovaquone (ATOV) were made at 1 mg/ml or 10 mg/ml (CQ). Drug stocks were diluted to 625 ng/ml (all artemisinins and ATOV), 2,500 ng/ml (MQ), or 6,250 ng/ml (CQ), and a Biomek 3000 laboratory automation work station (Beckman Coulter, Brea, CA) was used to serially dilute drugs 1:2 in a 96-well plate. The Biomek then transferred 15 l of drug to a 96-well plate, and 135 l/well of 0.5% parasitized RBCs at 1.5% hematocrit was added. Positive controls included 25 g/ml of QHS and DHA; cultures without drug were used as negative controls. Drug susceptibility plates were incubated in a humidified modular incubator chamber (Billups-Rothenberg, Del Mar, CA) for 72 h at 37°C. Parasite lysates were added to SYBR green lysis buffer (4) . Fluorescence intensity was measured with a Spectra Max-M2 plate reader (Molecular Devices, Sunnyvale, CA). The mean concentration and standard deviation for inhibition of parasite growth by 50% and 90% (IC 50 and IC 90 ) were determined for each parasite line (Ն2 assays were performed per strain and drug tested). IC 50 and IC 90 values were estimated based on linear and nonlinear regression curves calculated with Plate Manager software (DataAspects Corporation, Glencoe, CA). Data were exported into and analyzed with Microsoft Excel (Microsoft, Redmond, WA).
(ii) Drug susceptibility assay using a radioisotope microdilution technique. The Biomek apparatus serially diluted drugs 1:2 from 1,000 ng/ml to 0.98 ng/ml (DHA, QHS, and AL) or from 6,250 ng/ml to 6.10 ng/ml (CQ) in a 96-well plate. The Biomek apparatus transferred 10 l of drug to a new plate, and 90 l/well of 1% parasitized RBCs at 2% hematocrit was added. Each concentration of drug was run in triplicate per parasite tested. Each plate included parasitized erythrocytes without drug and nonparasitized erythrocyte controls (each in duplicate per strain tested). Immediately after drugs were added to cultures, [ 3 H]hypoxanthine monohydrochloride (equivalent to 1 Ci/well; Perkin-Elmer, Waltham, MA) was added to each well of the test plate. At 6, 24, and 48 h post-drug exposure, thick and thin smears were made. Plates from 24 and 48 h post-drug exposure were washed and harvested in a FilterMate cell harvester (Perkin-Elmer). Next, 50 l/well of OptiPhase scintillation cocktail mix (Perkin-Elmer) was added, and plates were read in a Top-Count NXT scintillation counter (Perkin-Elmer). Data (in counts per minute [cpm]) from the scintillation counter were imported into Microsoft Excel. For each parasite and time point, the mean cpm for each drug concentration was calculated. Data were imported into TableCurve 2D and SigmaPlot for curve fitting analysis and IC 50 calculations.
Real-time quantitative PCR (QPCR). (i) Genomic DNA extraction.
Parasitized red blood cells were treated with 0.05% saponin to free parasites. Genomic DNA was extracted from parasite pellets by using a QiAmp DNA blood minikit (Qiagen, Valencia, CA). Purified genomic DNA was quantitated using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
(ii) Determination of gene copy number by real-time QPCR. The relative copy numbers of pfmdr1, pfmdr2, PFE1050w, and PF11_0466 were determined by using lactate dehydrogenase (ldh) as the normalizer. A Stratagene (La Jolla, CA) MX3000P real-time quantitative PCR system measured the threshold cycle (C T ) in triplicate for each template and primer set (see Table S1 in the supplemental material). Each 25-l QPCR reaction mixture consisted of 2 l DNA, Brilliant QPCR SYBR green 2ϫ master mix (Stratagene), 30 nM ROX, and a final primer concentration of 200 nM (pfmdr2, PFE1050w, and PF11_0466) or 400 nM (pfmdr1 and ldh). Fluorescence data for 40 cycles were collected three times at the end of each annealing step and averaged. Dissociation curves after the amplification segment in the thermal profile verified that the correct products were produced. A 96-well plate was used for each experiment that in-cluded a five-point standard curve using serially diluted D6 genomic DNA for the gene of interest (GOI) and for ldh. Reports containing C T values were produced using Stratagene MXPro software and exported for further analyses into Microsoft Excel. The mean C T value per triplicate versus log 2 concentration of D6 DNA for each standard (ldh and GOI) was plotted, and the slope and y intercept for the GOI and ldh were determined from a trend line. The slope and y intercept were used to convert C T values for unknown templates to a relative copy number with respect to the D6 standard {[(average C T for ldh Ϫ ldh y intercept)/Ϫ(slope ldh)] ϫ [(average C T for the GOI Ϫ GOI y intercept)/Ϫ(slope GOI)]}. The mean copy numbers and standard deviations were calculated from Ն2 assays for each parasite line and GOI, and 95% CIs for mean copy numbers were determined. For testing of statistical significance, an unpaired two-tailed Student's t test was used (␣ ϭ 0.05).
RESULTS

Discontinuous drug pressure generates P. falciparum lines resistant to increased levels of artelinic acid and artemisinin in vitro.
Resistance was initially induced by exposing strains of D6 and TM91c235 that tolerated 80 ng/ml of QHS (D6.QHS80) and AL (TM91c235.AL80), respectively, to increasing concentrations of drug in a stepwise manner ( Fig. 1A and B ; see also Tables S2 and  S3 in the supplemental material). Resistance appeared to be stable, because after a strain was treated with a specific concentration of drug, it tolerated successive treatments at the same concentration. This was also observed when strains were grown off drug pressure for weeks or after thawing from cryopreservation. During the procedure, D6.QHS340ϫ2 and TM91c235.AL80 were treated with lower drug levels and grew back normally before being treated with 340 ng/ml QHS and 80 ng/ml AL, respectively, to continue the induction of resistance. In less than a year using this method, D6.QHS80 tolerated 340 ng/ml QHS; TM91c235.AL80 tolerated 280 ng/ml AL in approximately a year (see Tables S2 and S3 ). W2.QHS200 was treated with 200 ng/ml QHS, and it recrudesced to 4% parasitemia by 7 days (data not shown). W2.QHS200ϫ1 was cloned, and a single clone was treated with 200 ng/ml of QHS once more. W2.QHS200ϫ2 reached Ն2% parasitemia 10 days after drug exposure.
Each time QHS or AL was applied to a culture, the majority of parasites had a morphology that was distinct from dead parasites beginning at 24 h ( Fig. 2 ). These dormant parasites were equivalent to what has been reported elsewhere (46; M. S. Tucker et al., submitted for publication). They appeared rounded on a Giemsastained blood smear and differed from the collapsed nuclei of pyknotic bodies due to the retention of a small amount of blue cytoplasm and condensed red chromatin. Although it difficult to discern, we believe these characteristics separate dormant parasites from dead parasites, which lack distinct organization of chromatin and cytoplasm and stain purplish-red/pink with Giemsa stain (Fig. 2) . After a few days, morphologically normal parasites were observed in cultures, which corresponded with the reduction of dormant forms.
Resistant progeny of D6 and W2 recover faster than parent strains after exposure to clinically relevant concentrations of artemisinin. After parasites were adapted to certain levels of artemisinin drugs, we quantitatively dissected differences in recrudescence between parent and resistant strains. D6 and W2 strains were treated with concentrations of QHS that are considered clinically relevant (39) . Recovery rates of W2 and W2.QHS200ϫ2 were determined by exposing parasites to 200 ng/ml DHA for 6 h and monitoring parasitemia over approximately a week (Fig. 3A) .
In both strains, the initial parasitemia decreased below 2% at 24 h post-drug exposure, and all parasites observed were classified as dormant or dead. Dormant parasites persisted through the end of the assay for each strain, but there was a greater dormant/total parasite ratio in W2.QHS200 versus W2 up to 72 h (Fig. 3B ). The ratio decreased more sharply for W2.QHS200 than for W2, and it correlated with the appearance of morphologically normal parasites at 72 h post-drug exposure for W2.QHS200ϫ2 (6.7% of parasites counted) ( Fig. 3C ). Morphologically normal parasites were not observed until 96 h for W2 (12.5% of parasites counted) (Fig.  3C ). The ratio of normal parasites between the two strains equilibrated at 144 h post-drug exposure. Matched DMSO controls grew normally. The assay was terminated at 165.5 h post-drug exposure after parasitemia of normal parasites was Ն2.5%.
The process of treating D6 lines discontinuously with QHS produced D6.QHS340ϫ2. D6 and D6.QHS340ϫ2 were then ex-posed to a range of QHS (80 to 340 ng/ml) for 48 h. At each drug concentration, dormant parasites were observed in D6 and D6.QHS340ϫ2 after 24 h, but morphologically normal parasites also persisted. At 48 h post-drug exposure, the majority of parasites (at least 99%) observed for each strain were dormant or dead. Figure 4A shows a representative comparison of recovery rates for D6 versus D6.QHS340ϫ2 after exposure to 200 and 300 ng/ml of QHS. After 72 h of treatment with 200 ng/ml QHS, only dead or dormant parasites were observed for both strains. This remained until 120 h, when morphologically normal parasites were observed for both strains. However, a higher ratio of normal parasites was observed for D6.QHS340ϫ2 versus D6 (0.25% versus 0.13%). This trend continued up to 312 h post-drug exposure (66.5% for D6.QHS340ϫ2 versus 10.2% for D6). Treatment of cultures with 300 ng/ml QHS induced dormancy for a longer period of time than treatment with 200 ng/ml QHS. Morphologically normal parasites were observed at 144 h post-drug exposure for D6.QHS340ϫ2 (0.61% of total parasites), whereas they were not observed until 240 h for D6 (0.86% of total parasites). At 336 h, the ratio of normal parasites was ϳ2-fold greater for D6.QHS340ϫ2 (67.4%) versus D6 (38.3%).
The most resistant strain produced from the assay described above was D6.QHS340ϫ3. In a separate assay, D6 and D6.QHS340ϫ3 were treated with QHS at a level that surpassed what would typically be found in plasma of malaria patients treated with artemisinin drugs. This produced D6 parasites that tolerated 80 to 1,500 ng/ml QHS and D6.QHS340ϫ3 parasites that tolerated 80 to 2,400 ng/ml QHS. Figure 4B shows results for D6 and D6.QHS340ϫ3 exposed to 1,500 ng/ml QHS. After 48 h post-drug exposure, Ͼ99% of observed parasites were dead or dormant. Both D6 and D6.QHS340ϫ3 remained dead or dormant until 235 h post-drug exposure, when normal parasites were observed (0.94% D6.QHS340ϫ3 versus 0.37% D6). After this point, there was a greater ratio of normal parasites for D6.QHS340ϫ3 than D6 (e.g., at 360 h, 68.2% D6.QHS340ϫ3 versus 58.4% D6). At the end of this assay, the most resistant D6 line was D6.QHS2400ϫ1. This parasite was treated three more times with 2,400 ng/ml (Fig. 1A) , and each time, parasites recovered to at least 2% parasitemia within 11 days (data not shown). D6.QHS2400ϫ4 was cloned, and one clone was treated a final time with 2,400 ng/ml QHS, yielding D6.QHS2400ϫ5.
Analyses of growth rates and merozoite numbers revealed differences between parental and resistant parasites. Growth and merozoite numbers in parent and resistant strains were investigated, because previous data suggested that early drug-selected D6 parasites grow slower than D6 when off drug pressure (data not shown). A growth assay was conducted over a period of 105.5 h with D6 and D6.QHS2400ϫ5. At each time point beyond 25 h post-sorbitol exposure, the parasitemia for D6.QHS2400ϫ5 was lower than for D6 (see Fig. S1A in the supplemental material). Furthermore, D6.QHS2400ϫ5 lagged behind D6 in development during the erythrocytic cycle. At 51 h post-sorbitol treatment (equivalent to the early to middle part of the second cycle [61 to 67 h into the life cycle]), there was a noticeable difference in the percentages of the parasite stages. For D6 there were 42.9% rings/ 57.1% trophozoites, but there were 90.9% rings/9.1% trophozoites in D6.QHS2400ϫ5. This indicated a slower transition from rings to trophozoites or slower invasion, initiating the next cycle of growth. The same experiment with W2 and W2.QHS200ϫ2 did not reveal as much of a difference in parasitemia as with the D6 drugs. Lines D6 and TM91c235 were previously adapted to 80 ng/ml AL and QHS (12) and used to initiate higher levels of resistance. (A) D6 resistant to 80 ng/ml of QHS (D6.QHS80) was discontinuously treated with increments of 20 to 40 ng/ml QHS to increase drug tolerance. Individual points in the graph correspond to a single treatment at a particular drug concentration level. During the procedure, D6.QHS300ϫ2 was treated with 200 ng/ml QHS prior to a cloning attempt. Induction of resistance was later continued with 300 ng/ml QHS. (B) TM91c235 adapted to 80 ng/ml of AL (TM91c235.AL80) was treated discontinuously with increments of 20 to 40 ng/ml AL in order to increase drug tolerance.
pair, but W2.QHS200ϫ2 did reach higher parasitemia at 92 h (5.4% versus 4.1%) (see Fig. S1B ). We did not notice a difference in parasite development during the life cycles for the W2 pair. For the TM91c235 series, both the parent and resistant parasites had similar growth up to 96 h post-sorbitol exposure, when the parasitemia of TM91c235.AL280ϫ2 spiked compared to TM91c235 (see Fig. S1C ). Based on parasite stages, it was not clear why the resistant parasite line grew faster at this point in the assay. The parasitemias by both strains eventually equilibrated around 119 h.
In order to determine if the variation in growth rates between the parent/resistant pairs was related to merozoite development, the mean numbers of merozoites in segmenting schizonts for parent versus resistant strains were determined ( Fig. 5A and B ; see also Table S4 in the supplemental material). D6 had more merozoites per schizont (19.3; 95% CI, 18.7 to 20.0) than D6.QHS2400ϫ5 (16.3; 95% CI, 15.7 to 16.9; P Ͻ 0.001). TM91c235 also had more merozoites (20.7; 95% CI, 20.1 to 21.3) than TM91c235.AL280ϫ2 (19.7; 95% CI, 19.1 to 20.2; P ϭ 0.007). However, W2 had fewer merozoites per schizont (15.3; 95% CI, 14.7 to 15.9) than W2.QHS200ϫ2 (19.7; 95% CI, 19.1 to 20.4; P Ͻ 0.001). It was unclear why a lesser number of merozoites was associated with reduced growth for D6.QHS2400ϫ5 versus D6, whereas a higher number of merozoites in W2.QHS200ϫ2 was not associated with an increased growth rate compared to W2. Also, TM91c235 had more merozoites than TM91c235.AL280ϫ2 (like the D6 pair), but the two parasite lines had similar growth until a point where the resistant parasite grew faster than the parent.
Resistant parasites exhibit reduced susceptibility to artemisinins and mefloquine but increased susceptibility to chloroquine. Parent and resistant pairs of D6, W2, and TM91c235 lines were tested against five artemisinin drugs and three standard antimalarial drugs (Tables 1 and 2 ). Compared to parental strains, all resistant strains showed a general decrease in susceptibility to all artemisinins. Also, resistant strains were generally the least susceptible to QHS and AL (Ͼ3-fold-higher resistance based on the IC 50 ). For all artemisinins tested, D6.QHS2400ϫ5 displayed the greatest degree of resistance (across all strains) compared to its parent. Resistance in D6.QHS2400ϫ5 and W2.QHS200ϫ2 was induced by QHS and AL, yet high levels of changes in the IC 50 compared to parent strains also existed with other artemisinins. D6.QHS2400ϫ5 was Ͼ9-fold more resistant to QHS than D6 but also Ͼ9-fold more resistant to DHA as well. W2.QHS200ϫ2 was Ͼ3-fold more resistant to QHS than W2 and Ͼ6-fold more resistant to AL. As expected, TM91c235.AL280ϫ2 displayed a high degree of resistance to AL, but this was not as great as for the D6 and W2 lines. It was also ϳ4-fold more resistant to QHS and AM as well. TM91c235.AL280ϫ2 displayed an ϳ3-fold reduction in susceptibility to CQ compared to its parent. However, resistant D6 and W2 lines showed an increase in susceptibility to CQ compared to the respective parent strains. Resistant lines of D6 and W2 had Ͼ2-fold reductions in susceptibility to MQ compared to the respective parent strains. MQ susceptibility did not seem to differ in TM91c235 strains. W2 and TM91c235 parent/resistant pairs were equally susceptible to ATOV, but D6.QHS2400ϫ5 was ϳ2fold more resistant than D6.
Resistant ring-stage parasites exhibit greater tolerance shortly after drug exposure. Although drug susceptibility differences could be detected in parent versus resistant parasites, the degree of resistance was not as great as expected. We attributed this to the formation of dormant parasites and assessment at 72 h, before total recovery could occur. To quantitatively assess these differences more effectively, hypoxanthine incorporation was measured in the D6 and W2 lines during exposure to DHA, QHS, AL, or CQ. After exposure to an artemisinin drug, the resistant parasite strain in each pair tolerated more drug than the parent strain at 24 and 48 h (Fig. 6A to C and E to G). In addition, elevated IC 50 s were observed for both parental and resistant parasites in the 48-h assay compared to at 24 h (data for 24 h not shown). IC 50 values were validated by blood smears that showed resistant parasites tolerated higher drug doses than parent strains. There was a large separation between D6 and D6.QHS2400ϫ5 after treatment with AL and QHS ( Fig. 6B and C ), but the difference between the strains was greater with AL. After CQ treatment, D6 tolerated more drug than D6.QHS2400ϫ5 (Fig. 6D ). For the W2 pair, the greatest separation between parent and resistant parasites occurred with AL, followed by DHA and QHS ( Fig. 6E to G) . However, there was not as much of a shift between parent and resistant parasites compared to the D6 pair. We did not observe a difference in the CQ response for the W2 parasites in this assay (Fig. 6H ).
Real-time QPCR of genes implicated in prior molecular studies. Preliminary attempts at the molecular characterization of artemisinin resistance from our group focused on transcriptional analysis of artemisinin-resistant W2 strains exposed to DHA (Q. Cheng et al., unpublished data). These results revealed sets of genes that were significantly upregulated (e.g., pfmdr1 and PFE1050w) or downregulated (e.g., pfmdr2 and PF11_0466) in resistant lines compared to W2. Since other data from our group have implicated pfmdr1 copy number in AL and QHS resistance (12, 14) , we examined copy numbers of pfmdr1, PFE1050w, PF11_0466, and pfmdr2 in D6, W2, and TM91c235 lines, including different drug pressure levels from the stepwise selection of D6 and TM91c235 resistant parasites. The copy number of pfmdr1 ( Fig. 7 ; see also Table S5 in the supplemental material) was approximately 1 in all D6 lines, even after adaptation to 2,400 ng/ml QHS (e.g., D6, 1.01 copies with a 95% CI of 1.00 to 1.01; D6.QHS2400ϫ5, 1.10 copies with a 95% CI of 1.06 to 1.15). W2 had approximately 1 copy of pfmdr1 (1.21; 95% CI, 1.14 to 1.27). However, copy number increased from 1 to Ͼ2 at 200 ng/ml QHS (W2.QHS200, 2.24 copies; 95% CI, 2.12 to 2.35; P Ͻ 0.001). Copy number also increased after multiple treatments with 200 ng/ml QHS (W2.QHS200ϫ2, 2.55 copies; 95% CI, 2.49 to 2.62; P ϭ 0.001). We chose a single TM91c235 clone for comparisons to AL-resistant TM91c235 strains. This clone is a descendant of TM91c235 that was initially isolated from a patient with MQ treatment failure and it contains multiple copies of pfmdr1 (12) . Although clones of this line can lose pfmdr1 copies during long-term culture, we found the copy number to be approximately 2 (2.20; 95% CI, 2.07 to 2.32). The copy number was greater at the 80ng/ml level (TM91c235.AL80, 2.82 copies; 95% CI, 2.63 to 3.01; P ϭ 0.002). As AL pressure increased from 80 to 240 ng/ml, the copy number increased above 3 (TM91c235.AL240ϫ2, 3.60 copies; 95% CI, 3.31 to 3.88; P ϭ 0.003). The effect of increasing drug concentration and a concomitant increase in pfmdr1 copy number diminished after parasites were adapted to 280 ng/ml AL (TM91c235.AL280ϫ2, 3.56 copies; 95% CI, 3.41 to 3.71). QPCR assays on pfmdr2, PFE1050w, and PF11_0466 found all strains had approximately one copy of each gene ( Fig. 7 ; see also Table S5 ).
DISCUSSION
In the study presented here, we expanded on previous work regarding the discontinuous induction of drug resistance to artemisinins in several lines of P. falciparum. The hallmark of in vitro resistance is the ability for parasites to recover after treatment with increasing concentrations of an artemisinin drug (levels considered clinically relevant) over many generations. Parasites entered dormancy, recrudesced, and tolerated successive, increasing doses of artemisinin drugs. In less than a year, derivatives of D6 and TM91c235 were generated that tolerated 340 ng/ml QHS and 280 ng/ml AL, respectively. We were able to induce higher levels of resistance during recrudescence assays (D6.QHS2400), and we believe it may be possible to select resistance to even greater levels than we report here. The resistance that was induced was stable, since parasites tolerated multiple exposures to drug levels to which they were made resistant. Also, after periods of no drug pressure and after thawing from cryopreservation, parasites could tolerate the dose to which they were resistant. SYBR green susceptibility testing found that resistant parasites showed the greatest tolerance for AL, but they also exhibited a high degree of resistance to QHS. We expected to find reduced susceptibility to these drugs, because they were used to induce resistance in these strains. However, when in vitro resistance to a certain artemisinin drug developed, resistance was also observed to other artemisinin derivatives not utilized in the generation of resistance in a particular line. Our results also showed resistant parasites generally had decreased susceptibility to MQ but were more susceptible to CQ, which is in agreement with other studies (12, 41, 42) .
An important note is that it is possible to select resistance in a drug-sensitive background (D6), compared to conclusion from other studies in which it was thought that multiple resistance phenotypes must preexist (1, 43) . To our knowledge, the current study and that of Witkowski et al. (55) are unique in that P. falciparum artemisinin-susceptible and -resistant lines generated in vitro survived levels of drug well above those typically found in patient sera. The latter study showed that after resistance was induced in F32-Tanzania to 9 M QHS, it could recover from a 48-h treatment with 70 M QHS. The parent survived 9 and 18 M QHS after 48 h. Although these levels are higher than what we report here (D6 tolerated 5.3 M and D6.QHS340ϫ3 tolerated 8.5 M), drug levels greatly exceeded the peak drug concentrations in treated patients. Also intriguing is the ability of wild-type parasites, D6 and F32, to tolerate 5.3 to 18 M QHS without any prior selection pressure. Both parasites are from Africa, which is interesting since most previous successful in vitro resistance studies were accomplished with Asian parasites (see below). A key difference between this work and that of Witkowski et al. is that we are not implicating dormancy as an absolute artemisinin resistance mechanism. This is because both artemisinin-sensitive and -resistant parasites entered dormancy and recrudesce after artemisinin treatment. Indeed, recent work from our group showed that non-drug-adapted W2, D6, S55, H3, and PH1 recovered from DHA-induced dormancy or were unaffected by the drug (46), reflecting an intrinsic ability of P. falciparum strains to tolerate artemisinin drugs.
Clinical resistance to artemisinin is expressed as a delay in PCT or reduction in parasite clearance rate, yet thus far a clear association between the in vivo and in vitro phenotypes has not emerged (19) . Similarly, we and others have not observed a dramatic shift in the in vitro drug susceptibility profile for parasites from patients ex vivo (11, 19) or in vitro with parasites selected for resistance (12, 55) . These studies emphasize a problem of in vitro growth studies for detection of artemisinin resistance. Although it is possible to detect differences in IC 50 levels (parent versus resistant strains) after artemisinin treatment, it is essential to recognize that dormant parasites persist beyond the time that typical in vitro drug susceptibility assays assess viability (48 to 72 h). Furthermore, SYBR green testing with artemisinin drugs found resistant progeny had reduced susceptibilities compared to parental parasites, as evidenced by IC 50 s and IC 90 s, yet the values for AL and QHS in resistant lines were lower than drug concentrations that parasites could endure in vitro. Also, longer recrudescence assays demonstrated that although resistant parasites recovered either before parent parasites or in higher numbers at the same time point, there was not always a great difference in the time of appearance (or number) of normal parasites. Thus, it appears that the treatment of parasites with different amounts of drug may not yield an appreciable difference in drug recovery in a typical drug susceptibility assay. This is most likely due to the ability of both wild-type and artemisinin-resistant parasites to enter dormancy in the ring stage.
Because of these issues, we investigated the use of a tritiated hypoxanthine (Hx) method as an alternative to assess antimalarial drug susceptibility. Although very useful, Hx assays are subject to variables, such as starting parasitemia/hematocrit, isotope pulse time, time of Hx addition, and duration in culture (7, 15, 18) . Parasite viability after exposure to low levels of artemisinin was assessed during the first 48 h after treatment. Hx was added immediately after drug exposure, because we theorized that IC 50 s might be underestimated (due to dormancy) if Hx were added later. Also, assays utilized 1% parasitemia/2% hematocrit, which is in agreement with the above studies. Resistant parasites tolerated higher levels of AL, DHA, and QHS than parental parasites at 24 to 48 h after Hx was added, possibly due to a greater number of resistant dormant parasites incorporating Hx or more resistant parasites proceeding through the life cycle as normal (confirmed by smear). If this is true, then resistant strains have the ability to produce a greater number of dormant parasites and/or exit dormancy faster than parent parasites. Therefore, this may be the reason that in longer-duration susceptibility assays and recrudescence assays the artemisinin-resistant parasites recover at a higher rate than parent strains. The Hx assay we employed has utility for exploring artemisinin resistance (and resistance to other antimalarials) for several reasons. It can utilize even lower hematocrit (1%) and parasitemia (0.5%) levels when hypoxanthine is added at time zero (K. Sparks et al., unpublished data). This assay would be suitable for ring stages, which primarily exist in the circulation of infected patients. It would also allow low-level parasitemias to be tested, making it amenable to testing parasites grown for short periods in vitro after they are obtained from patients. Since the majority of Hx incorporation occurs in the trophozoite stage and reflects the rapid increase in DNA replication and transcription, the assay would also detect a suitable ring/trophozoite maturation period. This would make it useful for detecting exit of dormancy or parasites that have reduced susceptibility to (or are unaffected by) artemisinins and other drugs.
Recent studies found that artemisinin-resistant parasites have prolonged PCT (3, 11, 19, 38) . It may be that the extended PCT is due to a delay in the life cycle of resistant parasites that are circulating in malarious areas (34) . We determined that resistant D6 parasites have reduced growth rates compared to the parental parasite, marked by a longer life cycle, delay in the progression from rings to trophozoites, and a decrease in the number of merozoites in segmenting schizonts. Interestingly, W2.QHS200x2 had more merozoites than W2, without an associated difference in growth. Reilly et al. (44) reported that Dd2 (a drug-resistant descendant of W2) had a shorter cycle time (faster growth and more rapid ringto-trophozoite transition time), more merozoites per segmenting schizont, and a higher invasion rate than HB3. Perhaps long-term QHS pressure in D6 selected for genetic changes that manifested in growth inhibition. Recent studies by Balu et al. (5, 6) found reduced growth rates in transposon-generated P. falciparum mu-tants. The most attenuated mutants contained insertions in genes encoding RNA binding/recognition proteins and protein serine/ threonine phosphatase 2C (PP2C), implicating the importance of these proteins in parasite development. PP2Cs participate in many cellular functions in eukaryotes, including growth factordependent signal transduction, transcription, pre-mRNA splicing, DNA replication, and the DNA damage response. These phosphatases also contribute to cell cycle and developmental check points (22) . Other work we have performed suggests that genes and related proteins are downregulated in D6.QHS2400ϫ5 (Tucker et al., submitted). It is possible that the D6 QHS-resistant parasites we generated displayed impaired growth due to mutations/reduced expression of RNA binding proteins or genetic alterations in cell cycle checkpoints. However, if present, these genetic changes did not appear to affect the abilities of resistant parasites to exit dormancy. These findings may be important for the relationship between extended PCT and resistance.
Our group previously found W2 parent and resistant parasites exposed to artemisinins displayed differential regulation of certain genes, implicating the genes in increased AL and QHS resistance. Some of these (pfmdr2 and PF11_0466) encode proteins of the ATP binding cassette (ABC) transporter superfamily (28) , which are localized to the parasite food vacuole membrane or plasma membrane and can decrease intracellular drug accumulation by pumping out drugs. We did not detect changes in copy numbers of pfmdr2 or PF11_0466 in any resistant strains, but the relation of these genes to pfmdr1 and other transporters warrants studies to investigate any role(s) they may have in artemisinin susceptibility.
Two interesting genes were overexpressed in resistant progeny (PFE1050w and pfmdr1). PFE1050w encodes S-adenosyl homocysteine hydrolase (SAHH), which catalyzes reversible hydrolysis of S-adenosyl homocysteine (SAH) to adenosine and homocysteine, and it is necessary for active methylation of different biomolecules (17) . A recent study found PFE1050w and enzymes involved in protein synthesis and parasite respiration were downregulated after P. falciparum was treated with AM (33) . More recent research found PF10_0121 (which encodes hypoxanthine phosphoribosyltransferase) was downregulated in QHS-selected or AS-treated P. falciparum parasites (37, 55) . Although PFE1050w does not appear to be involved in artemisinin resistance we report herein, SAHH and nucleic acid metabolism in general may be important drug targets for ongoing antimalarial drug development efforts. Molecular studies by our group have implicated pfmdr1 in artemisinin resistance generated in vitro (12) . Interestingly, W2 and TM91c235 resistant lines have in- creased pfmdr1 copy number/expression levels, but resistant D6 parasites do not display these characteristics. Expanding on these data, we observed that the pfmdr1 copy number increased with multiple drug treatments at a single level (W2.QHS200ϫ2) or with higher drug pressure (e.g., TM91c235.AL280). It appears that pfmdr1 amplification can be associated with stable resistance to AL and QHS in vitro, but clearly pfmdr1 amplification is not the only mechanism involved in artemisinin resistance. Another study from our group found that a rapid reduction in pfmdr1 copy number in the W2.AL80 line was associated with parasite growth in the absence of drug pressure (14) . The reduction in pfmdr1 copy number involved the deamplification of an entire amplicon (19 genes) and associated reversal of resistance to AL and increased susceptibility to MQ. Based on these analyses, artemisinin resistance appears multifactorial, but it can be enhanced by amplification of pfmdr1, which also confers resistance to MQ (40) (41) (42) 54) . It is well known that pfmdr1 is associated with drug resistance in Asia (2, 11, 31, 35, 41, 42) . However, relatively fewer studies have reported on amplification of pfmdr1 in Africa (8, 49, 56) . Perhaps there is significant copy number variation in Africa, as we did not detect a pfmdr1 copy number change in D6, which is from West Africa. Also, there may be a unique mechanism for resistance in the D6 resistant lines we generated, since parasites tolerating 2,400 ng/ml QHS still retained one copy of pfmdr1. We are in the process of identifying genetic determinants of artemisinin resistance in the D6 selected lines exhibiting the highest resistance. Based on our investigations with parental and resistant pairs of parasites, we have defined an artemisinin resistance phenotype. The phenotype is partially characterized by the ability of resistant parasites to recover before parental strains after artemisinin drug pressure or the ability to recrudesce at higher numbers than parent strains. Resistant parasites may exhibit delayed progression through the normal erythrocytic cycle, with a noticeable extended transition from rings to trophozoites. SYBR green susceptibility testing showed resistant parasites had reduced susceptibility to multiple artemisinins compared to parent strains, yet artemisinin resistance phenotypes may not be accurately determined by this assay. Hypoxanthine incorporation assays allowed the determination of differences in parasite susceptibilities from the time of drug exposure through 24 to 48 h post-drug exposure, a time period when dormant parasites are typically observed. By using this measure of susceptibility, an earlier window of drug activity could be examined (entry into dormancy), making it possible to gauge if resistant parasites tolerated higher levels of drug as a result of a greater capacity to produce dormant parasites. Interestingly, artemisinin-resistant parasites tolerated higher drug concentrations than parental strains (at levels surpassing clinical significance); yet, in vitro susceptibility data did not correlate with the levels of drug to which the parasites were adapted. Overall, the results of artemisinin drug treatment indicate that resistant parasites tolerate more drug than parent strains, possibly due to the increased ability to exit dormancy and transition to normal growth at a greater rate than parent strains. This may be because dormant resistant parasites have a higher survival rate from dormancy; if a greater number of dormant parasites existed in resistant cultures, recrudescence would occur earlier. The in vitro resistance to artemisinin drugs that our group has described is different from that displayed with conventional antimalarial drugs, for which molecular mechanisms have been well described (e.g., CQ and MQ). Resistance is not completely explained by candidate gene amplifications or mutations, as genes with tentative associations with artemisinin resistance (pftctp, pfatp6, and pfmdr1) may not contain mutations or increases in copy number in all resistant progeny (reference 12 and the current study).
Artemisinin drugs are essential tools for controlling the world's most important parasitic disease. The recent WHO decision to introduce ACT globally makes the discovery of artemisinin resistance markers more important than ever before. Our group has demonstrated that resistance to artemisinin drugs can be induced in P. falciparum in vitro. Although long-term stability studies at high levels of drug exposure have not been completed, our data suggest that stable artemisinin resistance was selected for by multiple pulse exposures to drug over time. An alarming fact is that parasites in the field that are continually exposed to suboptimal levels of artemisinin drugs may begin to tolerate high levels of these drugs, leading to a greater distribution of drug resistance. The artemisinin-resistant parasites we generated represent unique reagents for molecular and cellular studies of the artemisinin resistance mechanism(s) and markers, mechanism-of-action studies, determination of the role of drug-induced dormancy as a mechanism of recrudescence, and optimization of ACT drug partners. It is tempting to speculate about the nature of artemisinininduced dormancy as it relates to an artemisinin resistance mechanism, as some lines of evidence point in this direction. The ability of parent and resistant parasites to enter dormancy only to resume growth at a later time suggests artemisinin-induced dormancy is a novel resistance mechanism that can result in parasite recrudescence. Furthermore, it is possible that induction and selection of artemisinin-resistant parasites enhance recrudescence rates (i.e., extended PCT) and could explain a resistance mechanism where an increased proportion of parasites recover from dormancy following the removal of drug pressure, by decreasing the duration of dormancy, or both. Future research will focus on dissecting whole-genome sequence, transcription, and proteomic data of parental and resistant parasites to further elucidate mechanisms of resistance to artemisinin drugs. These studies will define the relationship between resistance and changes in the recovery rates or duration of dormancy. It is important to determine if the inherent susceptibility to artemisinin is reduced after multiple dormancy episodes or if the recovery rate increases or duration of dormancy decreases. Either of these outcomes would confirm a unique parasite survival mechanism to the most important class of antimalarial drugs. Clearly, more studies are required to identify the mechanism(s) by which resistance to artemisinin emerges and to find molecular markers that can be used for epidemiological studies to track the possible emergence of artemisinin resistance.
